Abstract: This study focuses on determining the optimized thickness of an absorbing thin-film with embedded gold nanoantennas, for absorption enhancement. Gold paired-strips nanoantennas with small gaps have been proposed for light trapping because of the high localized electric field in the gap due to resonance. Paired-strips nanoantennas with small gaps produce higher effective absorption compared to single-strip gratings. From the average absorption two-dimensional map, the absorption enhancement may increase by a factor of up to 20 for gold paired-strips nanoantennas embedded in a 100 nm thick P3HT:PCBM thin-film. 
Introduction
At resonant frequencies, the oscillations of electrons at a metallic nanostructure's surface may produce an electric field enhancement, and the striking optical properties are called surface plasmon resonances (SPR). The characteristics of the resonances due to surface plasmons may be controlled by using different metals [1, 2] , tuning the shape of the metal [3, 4] , changing the polarization of the incident wave [5] , and engineering the dielectric host [6, 7] . Surface plasmons provide two possible ways to enhance absorption when the metallic nanostructures are embedded in absorber layers. One is non-propagating electron excitations around the metallic nanostructures, called localized surface plasmons (LSPs), while another is bound electromagnetic waves propagating along the interfaces, called surface plasmon polaritons (SPPs) [8] . SPR has received much attention in recent years because of the localized high electric field intensity and the controllable resonance wavelength, which could be applied in ultra-high density data storage [9, 10] , bio-sensing [11] [12] [13] , efficient lighttrapping [14] , and surface-enhanced Raman scattering (SERS) [15] [16] [17] .
A nanoantenna is one of the most attractive plasmonic nanostructures that could be used to not only receive and transmit but also confine and enhance the electromagnetic wave. As two nanoparticles are close to each other, additional enhancement occurs due to the small gap, which has attracted considerable attention [18] [19] [20] 
where Im(ε) is the imaginary part of dielectric function of the absorber layer, |E| is the magnitude of the electric field within the absorber layer, and v is the volume of the absorber layer. By using Eq. (1), the effective absorption of a thin-film embedded with metal nanostructures could be calculated. However, there is less discussion on optimizing the thinfilm thickness to achieve the maximum effective absorption [28] . Especially when surface plasmon resonance occurs, a strong localized electric field will be generated. Therefore, the thickness of the host will be an important factor to engineer and study. In this paper, gold paired-strips nanoantennas, with small gaps, and single-strip gratings are analyzed by simulation with a finite element method (FEM). Compared to other shapes of nanoantennas, paired-strips nanoantennas may be easily modeled in a two-dimensional (2D) environment, which is very convenient for studying effective absorption for different thicknesses of the host. Comparing the paired-strips nanoantennas to single-strip gratings, the localized electric field in the small gap of nanoantennas shows a strong effect on the absorption in the host. By introducing the absorption formula, as in Eq. (1), the absorption is calculated as an index for optimized design. The dependence of absorption on the absorber layer's thickness and refractive index are discussed in detail.
Simulation method
This paper presents the plasmonic enhancement of gold paired-strips nanoantennas, and analyzes the enhancement factor with varying thickness of the surrounding medium. Pairedstrips nanoantennas have the advantage of larger enhancement areas compared to bowtie nanoantennas. In addition, paired-strips nanoantennas are easier to fabricate, as sharp corners are not necessary. The solutions from the commercially available FEM package COMSOL (version 4.3) are used to investigate the electric field enhancement behavior by integral analysis. In the simulations, the calculations were set up as a 2D system with a built-in adaptive mesh. The mesh size of the spatial discretization is restricted to a maximum triangular side length of 5 nm and the element growth rate is 1.1, in both the metal and the absorber layer. In our simulation, the mesh is modified until the result no longer changes. Both single strip gold gratings and paired-strips gold nanoantennas are compared to a no metal structure model, acting as a reference. The optical constants of gold material are determined applying the data of Johnson and Christy from nanoHUB [29, 30] . As well as comparing the resonant properties and electric field distribution by averaging the integral electric field for distinct regions, the absorption (A slab ) in the absorber layer is calculated with Eq. (1). Furthermore, the absorption enhancement factor is used to investigate the optimized absorption by engineering the absorber layer.
Wang et al. used the normalized and time-averaged electric field to compare the absorption enhancement by varying a Si layer's thickness [28] . In order to further study the absorption enhancement for different host thicknesses, the result was divided by the absorber area to obtain the absorption per unit area. In this study, the average electric field of gold nanostructures sitting on the glass substrate in the air is calculated by Eq. (2). total area of integral region
where |E| is the magnitude of the electric field using different heights of the integral region. The average absorption per unit area (A(λ) avg ) of the dielectric absorber layer at any given wavelength is evaluated by Eq. (3).
As well as comparing the average absorption per unit area (A(λ) avg ) for both paired-strips and single-strip nanostructures, the optimized absorption is considered by varying the thickness of the absorber layer.
Simulation results

Gold nanoantennas sitting on a glass substrate
The optical resonant properties in the vicinity of gold-pair-grating nanostructures are analyzed by a 2D FEM algorithm, which is a numerical solution based on Maxwell's equations and may be applied to obtain information about the electromagnetic field distribution in the near-field and far-field. Figures 1(a) and 1(b) are the geometries chosen for the configuration: the period is 400 nm, the width and thickness of each strip is 90 nm, the gap between paired-strips is 16 nm, and the paired-strips nanoantennas are sitting on a glass substrate (with refractive index n = 1.5). The gold nanoantennas are fabricated by e-beam lithography and a scanning electron microscope image of the sample is shown in Fig. 1(c) .
The irradiation is a TM-wave (the electric field is across the gap), from the top with normal incidence. In Figs Figs. 1(a) and 1(b) , in paired-strips gratings, the first enhancement peak occurs at the contact surface of the metal and substrate, with a slab thickness h = 20 nm and the normalized average electric field is 2.47. The second peak is at a slab thickness, h = 100 nm, and the normalized average electric field is 2.42. On the other hand, single-strip gratings only have the localized field at the contact surface, so there is only one peak at h = 20 nm, and the normalized average electric field is 1.73, which is 30% less than paired-strips nanoantennas. Based on the simulation results, paired-strips nanoantennas gratings can provide better resonance enhancement than single-strip gratings in thin-film absorber layers. It is also shown that the average electric field would be larger in the region near the substrate or on top of the nanoparticles, which can be used to engineer the effective slab thickness. On the other hand, the maximum electric fields around the metal in the air are also calculated. Figure 3 shows the maximum electric field spectra for single-strip and paired-strips structures, using both TE and TM illumination. It is evident from the results that the paired-strips nanoantennas have the stronger average electric field, which is 51% higher than for the single-strip. Clearly, the resonance would happen only under TM illumination. In addition, the maximum electric field would occur around a wavelength of 600 nm for both single-strip gratings and paired-strips nanoantennas, when using a TM wave. 
Distinct types of the absorber layer
As discussed previously, the maximum enhancement would occur with a slab thickness, h = 100 nm, therefore, we choose the absorber layer thickness to be 100 nm, so that the refractive index varies as 1 + i0.01, 1.33 + i0.01, 1.55 + i0.01, and 2 + i0.01. Figures 4 and 5 show the configuration and simulation results for modifying the real part of the refractive index for the surrounding medium. In Fig. 5(a) , the second peak occurred at longer wavelengths in the absorption spectrum as the electric field was concentrated in the gap, shown in Fig. 5(e) . When the refractive index increased, the absorption peak shifted to longer wavelengths, and the corresponding absorption increased. Figures 5(c)-5(e) show that the localized electric field is located around the corner of gold nanostructures. However, the enhancement occurs near the top of the metal, as can be seen in Figs. 5(d)-5(e), only for paired-strips nanoantennas. The peak near a wavelength of 600 nm for paired-strips nanoantennas is more than 1.5 times larger than for the single-strip peak, for all values of the refractive indices for the absorber layers (Re(n) = 1, 1.33, 1.55, and 2). Clearly, the near fields' enhancement in the gaps contributes to the second peak in the absorption spectra for the paired-strips nanoantennas, which produces a more broadband average absorption curve.
Distinct ultrathin absorber layer
According to Tsai et al. [31] , a larger attenuation coefficient in the active layer would suppress the plasmon excitation. They discussed the improvement of the absorption enhancement by tuning the imaginary part of absorber layer's dielectric function. Hence, based on the results shown in Figs. 4 and 5 , the refractive index of the absorbing thin-film is modified from 1.3 to 4.7, to investigate the relation between the real part of refractive index and the resonance mode.
Plasmonic structures may produce three ways to achieve light trapping in absorber layers [32] . Firstly, metallic nanoparticles can be used as subwavelength scattering elements to couple and trap light into an absorbing thin-film [25, 26, 33, 34] . Secondly, another process for light trapping is by excitation of localized surface plasmons in metallic nanoparticles embedded in the absorber layer. Thirdly, a corrugated metallic film on the back surface of a absorber layer can couple incident light into SPP or photonic modes [28] . Figure 6 (a) presents a metallic paired-strips nanoantenna grating sitting at the bottom of the absorber layer, which would take advantage of effective coupling to waveguide modes (Fabry-Perot and SPPs resonance).
In Fig. 6(b) , curve #1 represents the enhanced average absorption produced by surface plasmon resonance in the gap, and Fig. 6(c) shows the corresponding electric field distribution in curve #1. Moreover, Figs. 6(d) and 6(e) show the electric field distribution in curve #2 and curve #3. Figure 6 (b) shows higher average absorption in curve #3, attributed to the larger electric field distribution. Interestingly, curve #3 only appears when the refractive index is higher (n > 2.5). More resonance modes would appear as the refractive index increases, accompanied by an increased optical path length, which would increase the time the light remains in the absorber layer. Hence, the number of local maxima of absorption would increase (e.g. a refractive index of 2 produces two local maxima, while a refractive index of 4 shows four local maxima) and could achieve a higher overall average absorption. It can be inferred that the broader resonance may be related to a higher refractive index.
Distinct thickness of absorber layer
Engineering the thickness of the absorber layer is very important to optimize effective average absorption. In order to build a simple model for analysis, two absorber layers are chosen such that the refractive indices are n = 1 + i0.01 and n = 2 + i0.01, to investigate the optimized absorber layer by varying its thickness from 20 to 300 nm.
In Fig. 7 , the diffraction mode is at a wavelength ~600 nm, which is determined by the nanostructures' period and the refractive index of the substrate. Figures 8(a) and 8(b) represent the field distributions corresponding to the diffraction mode for both a paired-strips nanoantenna and a single-strip grating. For all thicknesses, from 20 nm to 300 nm, significantly higher average absorption exists near a wavelength of 600 nm, due to the diffraction mode. Furthermore, there is also a cavity resonance mode, shown by the white Figure 6(b) , the normalized average absorption (color scale) versus wavelength (vertical axis) for a given refractive index (horizontal axis) which ranges from n = 1.3 + i0.01 to n = 4.7 + i0.01. Figures 6(c)-6(e) show the 2D distributions of the electric field enhancement ratio for each curve in Fig. 6(b) . The minimum value of electric field in these three figures is used as the reference. 
where L is the length of the cavity, n is the absorber layer's refractive index, and m is an integer. Table 1 shows the absorption enhancement factor (g) for absorber layers with different thicknesses and Re(n) = 2. For paired-strips nanoantennas, for an absorber layer thickness of 20 nm, g = 30, while for thicknesses of 80 nm and 100 nm, g has values of 10 to 20, respectively. However, for single-strip gratings, the best value, g = 18.5, corresponds to a thickness of 160 nm. Figures 7(a) and 7(b) show the absorption spectra obtained for pairedstrips nanoantennas with absorber layers with different refractive indices, n = 1 + i0.01 and n = 2 + i0.01. An enhancement mode appeared at a wavelength of λ 2 for n = 2 + i0.01, and the local maximum absorption had a redshift as the thickness of absorber layer increased from 0 nm to 100 nm. This is consistent with the literature, which states the resonance wavelength would have a redshift when the nanoparticles are embedded in the host [35] [36] [37] . As the thickness increases, all the nanoparticles would be covered, and in Fig. 7(b) , it's clear the resonance mode located at the wavelength λ 2 , would have a significant redshift, until the nanoparticles are completely embedded in the absorber layer. Fig. 7 . Normalized average absorption (color scale) versus wavelength (vertical axis) using varying thicknesses of the absorber layer (horizontal axis), which ranges from 20 to 300 nm. Paired-strips and single-strip nanostructures, embedded in absorber layers with two values of refractive index absorber layer (n = 1 + i0.01 and n = 2 + i0.01), are discussed: Fig. 7(a) , paired-strips, Re(n) = 1; Fig. 7(b) , paired-strips, Re(n) = 2; Fig. 7(c) , single-strip, Re(n) = 1; and Fig. 7(d) , single-strip, Re(n) = 2. The reference for the normalized calculation is the minimum value of the average absorption in Figs. 7(a)-7(d) . Fig. 8(a) , for point P1 in Fig. 7(a) ; Fig. 8(b) , for point P2 in Fig. 7(c) ; Fig. 8(c) , for point P3 in Fig. 7(d) ; and Fig. 8(d) , for point P4 in Fig. 7(b) . The minimum value of electric field in Figs. 8(a)-8(d) is used as a reference for the electric field enhancement ratio calculation.
Figures 7(c)-7(d) show the absorption spectra of single-strip gratings embedded in different absorber layers, with n = 1 + i0.01 and n = 2 + i0.01. For n = 2 + i0.01, the optimized thickness of the absorbing layer is 160 nm. Increasing the thickness to more than 180 nm, another resonance mode would appear in the plot. Figure 8(c) shows the corresponding electric field distributions for an absorber layer with a thickness of 260 nm. On the other hand, for the case of paired-strips nanoantennas, an additional enhancement occurs because of the interaction within the gap, if the nanoparticles are close enough [15, 17, 38] . In Fig. 8(d) , it's clear that the enhanced average absorption is due to the electric field concentrated in the gap for the paired-strips nanoantenna. As shown in Figs. 2(a) and 2(b) , the average electric field would be larger in the region near the substrate, or on top of the nanoparticles, for the case in which paired-strips nanoantennas are sitting on the glass substrate in air. Similarly, as shown in Figs. 7(a)-7(d) , the localized maximum absorption happens when using an ultrathin thickness of 20 nm or a slightly thicker 100 nm. In Fig. 7 , the enhanced absorption is due to three main effects: the diffraction mode, resonance in the gap, and the cavity constructive interference mode. To determine the optimal thickness, the results here show the thinner optimized thickness, 20 nm, would correspond to the gap resonance mode. Moreover, the slightly thicker optimized thickness, 100 nm, would produce both the diffraction mode and the gap resonance mode at two different wavelengths, with the layer thickness around the height of the nanoparticles. Interestingly, much thicker optimized thicknesses, ~160 nm, would be realized due to both the diffraction and cavity modes at wavelengths ~600 nm.
P3HT:PCBM as absorber layer
For paired-strips nanoantennas, the average absorption is higher than single-strip gratings because of the resonance of two particles with small gaps and, also, the higher enhancement of the diffraction mode, as discussed previously. Therefore, gold paired-strips nanoantennas could be applied in an organic polymer solar cell by using a commercial material called P3HT:PCBM [31, 39-41] as the absorber layer, to investigate the effect of absorption enhancement on energy harvesting. The optical properties of the active layer using P3HT:PCBM, with a 1:1 weight ratio, are taken from experimental results of the literature [42] . One of this material's advantages is the fabrication process could be carried out simply by spin-coating, which is a low cost manufacturing process. Figure 9 shows the 2D map of the average absorption spectrum using different thicknesses of P3HT:PCBM absorber layers, which range in thickness from 10 nm to 200 nm. The localized maxima of average absorption occurred at an absorber layer thicknesses of 100 nm and 160 nm, and the results correspond to Fig. 7(b) . Otherwise, for thicknesses less than 40 nm, the average absorption due to the gap resonance mode is much larger than at a wavelength of λ 1 , due to the diffraction mode, and it indicates that the gap resonance mode would dominate the absorption enhancement for these thicknesses. Comparing the result obtained with the absorber layer with n = 2 + i0.01, shown in Fig. 7(b) , with the absorber layer using P3HT:PCBM, seen in Fig. 9 , the enhancement mode shows the same trend. Clearly, our procedure, using a constant value equal to 0.01 for the imaginary part of the refractive index and varying the real part, provides a simple way to investigate the optimal thickness in a specific wavelength range.
Discussion
In summary, the average electric field around gold paired-strips nanoantennas may be up to 2.4 times larger than single-strip gratings when they are in air. Also, paired-strips nanoantennas have a 51% higher electric field enhancement than single-strip gratings. In addition, the paired-strips nanoantenna has two peaks in the absorption spectrum, and one is accounted for by the electric field concentrated within the gap. If the real part of refractive index is increased, the plasmonics resonance induced localized field enhancement within the gap might extend beyond near-infrared wavelengths. Moreover, for both paired-strips nanoantennas and single-strip gratings, when the diffraction mode or the gap resonance mode is across the cavity mode, the average absorption could increase by a factor of 10 to 20.
Conclusion
This paper compares the absorption enhancement for paired-strips nanoantennas and singlestrip gratings. It also discusses the absorption enhancement of paired-strips nanoantennas embedded in ultrathin absorber layers by engineering the thickness and refractive index of the surrounding medium. The optimized thickness of absorber layers is determined by the interaction of three main enhancement effects: diffraction mode, resonance mode in the gap and the cavity mode. The method provided in this work could be further applied to polarization non-sensitive or broadband devices, like nanovoids [43, 44] , nanorods [19, 25, 45] , mesh [46, 47] , and random structure [26, 48] , which would be very important in the application of photovoltaic, SERS, and fluorescence enhancement processes, particularly for ultrathin devices.
